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^ DENSITOMETRY AND THERMOMETRY OF STARBURST 

^ GALAXIES 

\ Jeffrey G. Mangum^, Jeremy Darling^, Karl M. Menten^, Christian 

^ ■ Henkel^ and Meredith MacGregor^'^ 

\ Abstract. With a goal toward deriving the physical conditions in exter- 

■ nal galaxies, we present a survey of formaldehyde (H2CO) and ammonia 

• ' (NH3) emission and absorption in a sample of starburst galaxies using 

, the Green Bank Telescope. By extending well-established techniques 

*Y^' used to derive the spatial density in star formation regions in our own 

^ I Galaxy, we show how the relative intensity of the lio — lii and 2ii — 2i2 

, K-doublet transitions of H2CO can provide an accurate densitometer 

C/5 ' for the active star formation environments found in starburst galaxies 

I (c/. Mangum et al. I2008|) . Similarly, we employ the well-established 

technique of using the relative intensities of the (1,1), (2,2), and (4,4) 

' transitions of NH3 to derive the kinetic temperature in starburst galax- 

^ , ies. Our measurements of the kinetic temperature constrained spatial 

Xf^ • density in our starburst galaxy sample represent the first mean den- 

0^ ' sity measurements made toward starburst galaxies. We note a dispar- 

, ity between kinetic temperature measurements derived assuming direct 

• coupling to dust and those derived from our NH3 measurements which 

I points to the absolute need for direct gas kinetic temperature mea- 

. surements using an appropriate molecular probe. Finally, our spatial 

7—i ' density measurements point to a rough constancy to the spatial den- 

^ i sity (10* '^ to lO'^-^ cm ^) in our starburst galaxy sample. This implies 

^ ■ that the Schmidt-Kennicutt relation between L/h and Mdense'- (1) Is 

• 1— ( ' a measure of the dense gas mass reservoir available to form stars, and 

, (2) Is not directly dependent upon a higher average density driving the 

' star formation process in the most luminous starburst galaxies. 
■ 
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1 Introduction 

Studies of the distribution of carbon monoxide (CO) emission in external galaxies 
(c/. Young & Scoville ri99ip have pointed to the presence of large quantities of 
molecular material in these objects. These studies have yielded a detailed picture 
of the molecular mass in many external galaxies. But, because emission from the 
abundant CO molecule is generally dominated by radiative transfer effects, such as 
high optical depth, it is not a reliable monitor of the physical conditions, such as 
spatial density and kinetic temperature, quantities necessary to assess the potential 
for star formation. Emission from less-abundant, higher-dipole moment molecules 
are better-suited to the task of deriving the spatial density and kinetic temperature 
of the dense gas in our and external galaxies. For this reason, emission line studies 
from a variety of molecules have been made toward mainly nearby galaxies (see 
Henkel et al. 119911 for a review) . 

Formaldehyde (H2CO) has proven to be a reliable density and kinetic temper- 
ature probe in Galactic molecular clouds. Existing measurements of the H2CO 
lio — 111 and 2ii — 2i2 emission in a variety of galaxies by Baan et al. (|1986[|TMni 
I1993P and Araya et al. (|2004p have mainly concentrated on measurements of the 
lio — 111 transition. One of the goals of the present study was to obtain a uniform 
set of measurements of both K-doublet transitions with which the physical condi- 
tions, specifically the spatial density, in the extragalactic context could be derived. 
Using the unique density selectivity of the K-doublet transitions of H2CO within 
the framework of a radiative transfer model which incorporates the Large Velocity 
Gradient (LVG) approximation, we have measured the spatial density in a sam- 
ple of galaxies exhibiting starburst phenomena and/or high infrared luminosity. 
Our ammonia (NH3) measurements of these same galaxies, together with our LVG 
model, provide kinetic temperature measurements which can further constrain the 
range of allowed densities derived from our H2CO measurements. 

2 Galaxy Sample Summary 

The galaxy selection criteria and summary measurement results are as follows: 
Selection Criteria: Dec(J2000) > -40°; L(60 fj,m) > 50 Jy and/or bright HCN and 
CO emission. H2CO measurements summary: GBT 9b — 51 arcsec (A = 2 cm) and 
153 arcsec (A = 6 cm); 26 of 56 galaxies detected in at least one H2CO transition; 
lio ~ 111 emission/absorption = 6/19; 2ii — 2i2 emission/absorption — 1/13; 17 
of 26 detections are new extragalactic discoveries of H2CO. Figure [T] shows two 
examples of our H2CO results. Emission in either of the two H2CO transitions in 
this study is a sign of high spatial density. Observed emission in the H2CO 2ii — 2i2 
transition toward Arp 220 signals a relatively high density {\og{n{H2){cm^^}) > 
5.0). Absorption in both H2CO transitions toward NGC 253, on the other hand, 
signals an average density that is lower {\og{n{H2){cm~^)) < 5.0). 

NH3 measurements summary: GBT 9i, = 30 (A = 1.3 cm) arcsec; 12 of 19 
galaxies detected in at least one NH3 transition; NH3 emission/absorption = 7/5; 
4 of 12 detections are new extragalactic discoveries of NH3. Figure [T] shows two 
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examples of our NH3 measurement results. As these examples reveal, our NH3 
measurements reveal both emission and absorption in the (1,1), (2,2), (4,4), and 
absorption in the (2,1) transition. Emission in the NH3 (2,1) transition is a hall- 
mark of high infrared intensity (c/. Morris et al. I1973p . NH3 (2,1) absorption, on 
the other hand, requires only a strong background continuum source. 

3 Density and Kinetic Temperature Measurements 

For the H2CO sources in which we have detected both the lio — In and 2ii — 2i2 
transitions we have applied our technique to derive the spatial density assuming 
kinetic temperatures derived both from dust emission and our NH3 measurements 
(Table [T]). Noteworthy are the generally higher, and in a few cases much higher, 
kinetic temperatures derived using our NH3 measurements. In many cases these 
high kinetic temperatures have been previously noted (c/. Ott et aL I2005p . pointing 
to the importance of a direct measurement of the kinetic temperature in these 
starburst environments. 

4 Conclusions 

The H2CO and NH3 measurements presented allow us to derive the kinetic tem- 
perature and spatial density in our starburst galaxy sample, representing the first 
mean density measurements made toward starburst galaxies. The disparity be- 
tween kinetic temperature measurements derived assuming direct coupling to dust 
and those derived from our NH3 measurements points to the absolute need for di- 
rect gas kinetic temperature measurements using an appropriate molecular probe. 
Finally, our spatial density measurements point to a rough constancy to the spa- 
tial density (lO*'^ to 10^'^ cm~'^) in our starburst galaxy sample. This implies 
that the Schmidt-Kennicutt relation between hm and M^ense'- (1) Is a measure 
of the dense gas mass reservoir available to form stars, and (2) Is not directly 
dependent upon a higher average density driving the star formation process in the 
most luminous starburst galaxies. 
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Table 1. Derived Kinetic Temperatures and Spatial Densities 



Ga,laxy 


cn J zuuu ) 
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log(n(H2)) 








(km s^^) 






(cm-3) 


NGC 253 


00:47:33.1 


-25:17:18 


251 


34 (D) 


5 


08 ± 0.02 










81 ± 2 


5 


00 ± 0.03 


IC 342 


03:46:49.7 


+68:05:45 


31 


30 (D) 


5 


05 ± 0.11 










38 ± 3 


5 


05 ± 0.11 










104 ± 7 


4 


89 ± 0.14 


M 82 


09:55:52.2 


+69:40:47 


203 


45 (D) 


4 


95 ± 0.02 










58 ± 16 


4 


92 ± 0.05 


NGC 3079C1 


10:01:57.8 


+55:40:47 


1150 


32 (D) 


5 


56 ± 0.02 










> 260 




< 4.42 


NGC 3079C2 








32 


5 


47 ± 0.02 










> 180 




< 4.94 


IC 860 


13:15:04.1 


+24:37:01 


3866 


40 (D) 


5 


70 ± 0.02 










> 52 




< 5.67 


M 83 


13:37:00.9 


-29:51:57 


518 


31 (D) 


5 


38 ± 0.08 










48 ± 9 


5 


39 ± 0.09 


Arp 220 


15:34:57.1 


+23:30:11 


5434 


44 (D) 


5 


64 ± 0.02 










> 180 




< 5.00 


NGC 6946 


20:34:52.3 


+60:09:14 


48 


30 (D) 


5 


05 ± 0.20 










44 ± 7 


5 


06 ± 0.21 



D indicates dust temperature (see Mangum et a/. |2008|l . 





Fig. 1. Top Row: H2CO lio-lii (top) and 2ii-2i2 (bottom) spectra from Arp 220 (left) 
and NGC 253 (right). Bottom Row: NH3 (4,4), (2,2), (1,1), and (2,1) (top-to-bottom) 
spectra from IC 342 (left) and NGC 660 (right). 



